SPECIFICATION 



FLUX-CORED WIRE FOR GAS-SHIELDED ARC WELDING 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a f lux^cored wire for 
gas-shielded arc welding to be used for welding materials 
formed of heat-resisting low alloy steels and used in various 
plants, such as nuclear power plants, thermal power plants and 
petroleum refining plants. More particularly, the present 
invention relates to a flux-cored wire for gas-shielded arc 
welding for welding materials formed of heat-resisting low 
alloy steels, capable of suppressing or completely preventing 
the formation of ferrite bands in weld metals when the weld 
metals are sub j ected to a post weld heat treatment (hereinafter, 
abbreviated to ''^PWHT'') at high temperatures for a long time, 
of forming weld metals having high tensile strength and high 
toughness, and of facilitating welding work. 

Description of the Related Art 

Welding wires for gas-shielded arc welding are 
classified into solid wires and flux-cored wires . Flux-cored 
wires, as compared with solid wires, have various advantages 
including capabilities to cause less spattering, to form beads 
in satisfactory appearance and shape, and to facilitate 
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vertical-position welding and overhead-position welding as 
well as flat-position welding. Accordingly, the use of 
flux-cored wires for welding materials formed of heat- 
resisting low alloy steels have progressively been increased. 

Since welded structures formed by welding together 
materials formed of heat-resisting low alloy steels are used 
in high-temperature, high-pressure environments, flux-cored 
wires to be used for constructing such welded structures are 
required to have characteristics meeting working conditions 
required by such working environments . Generally, weld joints 
in materials formed of heat-resisting low alloy steels are 
subjected to a PWHT to reduce residual stress, to remove 
residual hydrogen and to improve mechanical property. 
Therefore, flux-cored wires for gas-shielded arc welding for 
welding materials formed of heat-resisting low alloy steels 
are required to be capable of preventing the deterioration of 
the characteristics of weld metals. 

When a conventional flux-cored wire is used for the 
gas-shielded arc welding of materials formed of heat-resisting 
low alloy steels, ferrite bands are formed in weld metals and 
the mechanical properties of the weld metals are deteriorated 
when the weld joints are subjected to a PWHT of high 
temperatures and a long duration. More concretely, ferrite 
bands reduce the tensile strength of weld metals. It is 
considered that ferrite band is caused by the segregation of 
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the component metals during the solidification of the weld 
metals and the migration of carbon contained in the weld metals 
during the PWHT. 

Some techniques have been proposed to solve such problems . 
A technique disclosed in JP-B No. 8-13432 (hereinafter 
referred to ^^Reference 1") adds both Nb and V, which are 
elements having high ability to form carbides, to a flux-cored 
wire to suppress ferrite band through the suppression of the 
migration of carbon in weld metals. The inventors of the 
present invention proposed previously a technique in JP-ANo. 
2001-314996 (hereinafter referred to as '"Reference 2'') for 
suppressing ferrite band by properly adjusting the TiOg/ 
alkaline metal compound and fluoride contents of a titania 
flux-cored wire on the basis of knowledge that the improvement 
of the stability of arcs reduces the segregation of the 
components of alloys forming the weld metals and the resulting 
ferrite band and improves the mechanical properties of the weld 
metals . A technique for improving the toughness of weld metals 
that adds N in wires in a proper N content is disclosed in JP-A 
No. 57-4397 and JP-B No. 62-19959 (hereinafter referred to as 
"'Reference 3") • A zirconia flux-cored wire proposed in JP-B 
Nos. 2-42313 and 3-3558 (hereinafter referred to as '"Reference 
A") reduces the TiOg content of the flux, i.e., a source of 
Ti, and the Ti content of the wire to the least possible extent 
by prescribing Ti02 content and metal Ti content under 
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predetermined limiting conditions or by prescribing TiOj 
content and metal Ti content under predetermined limiting 
conditions and limiting N content to a proper range on the basis 
of knowledge that Ti contained in the weld metals reduces the 
toughness of the weld metals. 

Although the technique disclosed in Reference 1 that adds 
Nb and V to a flux-cored wire is effective in suppressing the 
migration of carbon to prevent ferrite band. Nb and V are 
elements that reduce the toughness of weld metals greatly. 
Thus, Reference 1 is unsatisfactory in ensuring that weld 
metals have sufficient toughness. Reference 2 has difficulty 
in meeting demand for higher toughness. Reference 3 does not 
disclose any technique for preventing ferrite band and does 
not disclose any technique for ensuring that weld metals have 
satisfactory toughness, and preventing ferrite band. The 
zirconia flux-cored wire disclosed in Reference 4 is inferior 
to titania flux-cored wires in wire usability in a vertical 
position and an overhead position. 

SUMMARY OF THE INVENTION 
The present invention has been made in view of the 
foregoing problems and it is therefore an object of the present 
invention to provide a flux-cored wire for gas-shielded arc 
welding, capable of forming weld metals resistant to the 
formation of ferrite bands therein even when the weld metals 
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are subjected to a high-temperature PWHT for a long time, and 
of forming weld metals having high toughness. 

According to the present invention, a flux-cored wire 
for gas-shielded arc welding comprises: a steel sheath, and 
a flux packed in the steel sheath; wherein the flux-cored wire 
has, on the basis of the total mass of the flux-cored wire, 
a C content of 0.20% by mass or below, a Si content in the range 
of 0.06 to 1.10% by mass, a Mn content in the range of 0.55 
to 1.60% by mass, a Cr content of 2.60% by mass or below, a 
Mo content in the range of 0.30 to 1.50% by mass, a Mg content 
in the range of 0.20 to 1.50% by mass, a N content in the range 
of 0 . 005 to 0 . 035% by mass and a B content in the range of 0.001 
to 0.020% by mass; the flux has, on the basis of the total mass 
of the flux-cored wire, a TiOg content in the range of 4.2 to 
8.2% by mass and a fluorine compound content in the range of 
0 . 025 to 0 . 55% by mass in terms of F content; and the flux-cored 
wire has, on the basis of the total mass of the flux-cored wire, 
an Al content of 0.50% by mass or below, a Nb content of 0.015% 
by mass or below, and a V content of 0.015% by mass or below. 

In the flux-cored wire for gas-shielded arc welding 
according to the present invention, it is preferable that the 
Mn content is in the range of 0 . 55 to 1 . 45% by mass on the basis 
of the total mass of the flux-cored wire. It is preferable 
that the flux-cored wire for gas-shielded arc welding 
according to the present invention contains at least one 
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selected from the group consisting of Ti other than Ti02 in 
a Ti content in the range of 0.005 to 0.3% by mass and Zr in 
a Zr content in the range of 0.002 to 0.3% by mass on the basis 
of the total mass of the flux-cored wire. It is preferable 
that the flux-cored wire according to the present invention 
meet a condition that the ratio of total Ti content to N content 
is in the range of 250 to 500 (the total Ti content and the 
N content are the Ti content and the N content on the basis 
of the total mass of the flux-cored wire) . 

BRIEF DESCRIPTION OF THE drawings 
The above and other objects, features and advantages of 

the present invention will become more apparent from the 

following description taken in connection with the 

accompanying drawings, in which: 

Fig. 1 is a typical sectional view of workpieces provided 

with a groove for an example and a comparative example; and 
Fig. 2 is a graph showing the dependence of the Charpy 

impact energies zmmvE-ie^c (Avg. ) of weld metals produced by using 
flux-cored wires in examples of the present invention on the 
ratio of total Ti content to N content of examples, 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Referring to the drawings, an embodiment of the present 
invention will be described below. 
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The inventors of the present invention made tests and 
studies earnestly to solve the foregoing problems. Conven- 
tional titania flux-cored wires respectively having different 
Nb and V contents for welding materials formed of a heat- 
resisting low alloy steel containing 1.25% Cr and 0.5% Mo were 
used. Test pieces formed of a steel containing 1.25% Cr and 
0.5% Mo were welded by using the foregoing flux-cored wires. 
Weld metals thus obtained were subjected to a high-temperature 
PWHT for a long time, and then the microstructure of the weld 

metals was observed. The PWHT heated the weld metals at 690°C 
for 9.5 hr, and then the weld metals were cooled by furnace 
cooling. 

The observation of the microstructure of the weld metals 
showed that various precipitates containing Nb, V and Ti 
produced through the reduction of TiOg were distributed in 
grains and grain boundaries of the weld metals. It was known 
that grain boundaries were fixed by the pinning effect of those 
precipitates, i.e., an effect to fixate the present state by 
preventing the migration of atoms and grain boundaries, and, 
consequently, ferrite band was suppressed. It was known that 
the pinning effect of various precipitates containing Ti and 
other elements suppressed the migration of grain boundaries 
during the PWHT and thereby ferrite band was suppressed. 

It was known that the suppression of the migration of 
grain boundaries during the PWHT by the pinning effect of 
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various precipitates containing Ti and other elements sup- 
pressed ferrite band. Such a ferrite band suppressing method 
is different from a conventional ferrite band suppressing 
method that adds Nb and/or V in weld metals to precipitate a 
Nb carbide and/or V carbide to suppress ferrite band by 
suppressing the migration of C atoms during PWHT. According 
to the present invention, a flux-cored wire having a flux 
containing titania is used as a Ti source for supplying Ti as 
a pinning material. Ti produced by reducing TiOj inevitably 
contained in weld metals is combined with N to produce a TiN 
precipitate . 

The present invention has been made on the basis of the 
aforesaid knowledge and idea. The followings are essential 
conditions to be satisfied to achieve the object of the present 
invention. 

(1) Promoting the reduction of TiOg by adding proper 
amounts of Si, Mn, Mg and F compounds to weld metals, and 
precipitate of TiN by adding a proper amount of N to weld metals 
and reducing TiOg to produce Ti, to restrict the formation of 
ferrite band effectively 

(2) Fining microstructures by adding a proper amount of 
B to weld metals to enhance the toughness of the weld metals, 
regulating Nb and V contents of weld metals to prevent the 
reduction of the toughness of weld metals due to the precipitate 
of MX-type Nb and V carbides during PWHT, and regulating Al 
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content to prevent the reduction of the toughness of weld metals 
due to embritt lament 

(3) Optimizing arc stabilizer content, such as TiOz 
content and fluorine compound content, to ensure satisfactory 
welding work, forming slag having satisfactory viscosity, and 
preventing spattering 

Limiting conditions on the composition of flux-cored 
wires according to the present invention for gas-shielded arc 
welding will be described below. The content of the component 
of a flux-cored wire is expressed in percent by mass on the 
basis of the total mass of the wire. 

C Content: 0.2% by mass or below 

Carbon enhances the hardenability of steels and improves 
the tensile strength and toughness of weld metals. Therefore, 
carbon is added to either the steel sheath or the flux or both 
the steel sheath and the flux of the flux-cored wire. If the 
C content of the flux-cored wire is greater than 0.20% by mass, 
the tensile strength of the weld metal is excessively high, 
the toughness of the weld metal is very low and hot cracking 
is liable to occur in the weld metal. Thus, the carbon content 
of the flux-cored wire must be 0 . 20% by mass or below. Carbon, 
such as graphite, or an alloy, such as chromium carbide, Si-C, 
high C-Fe-Mn or high C-Fe-Cr, is used to add carbon to the flux. 
Preferably, the carbon content of the flux-cored wire is 0.03% 
by mass or above. 
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Si Content: 0.06 to 1.10% by mass 

Silicon serves as a deoxidizer for deoxidizing the weld 
metal. Silicon increases the viscosity of the weld metal and 
has an effect to adjust the shape of a bead. Silicon has the 
effect of promoting the reducing reaction of TiOg and 
stabilizing the recovery of B into the weld metal. Silicon 
is added to either the steel sheath or the flux, or to both 
the wire and the flux for those purposes. However, if the Si 
content of the flux-cored wire is below 0.06% by mass, the 
deoxidizing effect of silicon is insufficient, blow holes are 
liable to be formed in the weld metal, beads of unsatisfactory 
shapes are formed due to the insufficient viscosity of the weld 
metal, and a sufficient amount of TiN effective in suppressing 
ferrite band cannot be produced due to the insufficient 
reduction of TiOj. Moreover, if the Si content of the 
flux-cored wire is below 0.06% by mass, the recovery of B in 
the weld metal is low, the microstructure of the weld metal 
cannot be fined and the toughness of the weld metal is low. 
If the Si content of the flux-cored wire is greater than 1.10% 
by mass, the tensile strength of the weld metal is excessively 
high, and the toughness of the weld metal decreases because 
Ti02 is reduced excessively and the solid solution of Ti 
increases. Therefore, the Si content must be in the range of 
0.06 to 1.10% by mass. An alloy, such as Fe-Si, Fe-Si-Mn or 
Fe~Si-Cr is used to add Si to the flux. 



-10- 



Mn Content: 0.55 to 1.60% by mass (preferably, 0.55 to 
1 . 45% by mass) 

Manganese serves as a deoxidizer for deoxidizing the weld 
metal, enhances the hardenability of the weld metal, and 
improves the tensile strength and toughness of the weld metal. 
Manganese, similarly to Si, promotes the reduction reaction 
of TiOg and stabilizes the recovery of B into the weld metal. 
Mn is added to either the steel sheath or the flux or to both 
the steel sheath and the flux for those purposes. If the Mn 
content of the flux-cored wire is 0.55% by mass or below, the 
deoxidizing effect of Mn is insufficient, blow holes are liable 
to be formed, the tensile strength of the weld metal is 
insufficient, and a sufficient amount of TiN effective in 
suppressing ferrite band cannot be produced due to the 
insufficient reduction of TiOa- If the Mn content of the 
flux-cored wire is 0.55% by mass or below, the recovery of B 
into the weld metal decreases, the microstructure of the weld 
metal cannot be fined and the toughness of the weld metal 
decreases. On the other hand, if the Mn content of the 
flux-cored wire is greater than 1.60% by mass, the shape of 
beads formed by vertical-position welding and over- 
head-position welding is deteriorated greatly due to the 
excessively high fluidity of the molten weld metal, the tensile 
strength of the weld metal is excessively high, the amount of 
the solid solution of Ti increases due to the excessive 
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reduction of Ti02 to reduce the toughness of the weld metal. 
Thus, the Mn content of the flux-cored wire must be in the range 
of 0.55. to 1.6% by mass. It is preferable that the Mn content 
of the flux-cored wire is 1.45% by mass or below because beads 
can be formed in a satisfactory shape if the Mn content of the 
flux-cored wire is 1.45% by mass or below. For the foregoing 
purposes, a metal, such as metal Mn, an alloy, such as Fe- 
Mn, or Fe-Si-Mn is used to add Mn to the flux. 
Cr content: 2.6% by mass or below 

Chromium is an important component of a heat-resisting 
low alloy steel and has an effect of improving the tensile 
strength of the weld metal. Chromium is added to either the 
steel sheath or the flux or to both the steel sheath and the 
flux for that effect. The Cr content of the flux-cored wire 
is adjusted properly according to the quality of a metal to 
be welded. On the other hand, the tensile strength of the weld 
metal is excessively high and the toughness of the weld metal 
is low if the Cr content of the flux-cored wire is greater than 
2.60% by mass. Thus, the Cr content of the flux-cored wire 
must be 2.6% by mass or below. A metal, such as metal Cr, or 
an alloy, such as Fe-Cr, is used to add Cr to the flux. 
Preferably, the Cr content of the flux-cored wire is 0.10% by 
mass or above. 

Mo content: 0.30 to 1.50% by mass 

Molybdenum, similarly to Cr, is an important component 
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of a heat-resisting low alloy steel and has an effect of 
improving the tensile strength of the weld metal • Molybdenum 
has the effect of increasing the resistance to temper softening 
of the weld metal and suppressing the reduction of the tensile 
strength by the PWHT. Molybdenum is added to either the steel 
sheath or the flux or to both the steel sheath and the flux 
for that effect. The Mo content of the flux-scored wire is 
adjusted properly according to the quality of a metal to be 
welded. The tensile strength of the weld metal is insufficient 
if the Mo content of the flux-cored wire is less than 0,30% 
by mass. On the other hand, the tensile strength of the weld 
metal is excessively high and the toughness of the weld metal 
is low if the Mo content of the flux-cored wire is greater than 
1.50% by mass. Thus, the Mo content of the flux-cored wire 
must be in the range of 0.30 to 1.50% by mass. A metal, such 
as metal Mo, or an alloy, such as Fe-Mo, is used to add Mo to 
the flux. 

Mg content: 0.20 to 1.50% by mass 

Magnesium is a potent deoxidizer for deoxidizing the 
metal weld and is added to the flux-cored wire to enhance the 
toughness of the weld metal. Preferably, Mg is added to the 
flux for such an action and such an effect. Magnesium, 
similarly to Si and Mn, has the effect of promoting the 
reduction reaction of Ti02 and stabilizing the recovery of B 
into the weld metal. Magnesium is added to either the steel 
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sheath or the flux or to both the steel sheath and the flux 
for those effects. If the Mg content of the flux-cored wire 
is less than 0.20% by mass, the deoxidizing effect of Mg is 
insufficient/ blow holes are liable to be formed/ the amount 
of oxygen increases and the toughness of the weld metal is low. 
Moreover, if the Mg content of the flux-cored wire is less than 
0.20% by mass, a sufficient amount of TiN that suppresses 
ferrite band cannot be produced due to the insufficient 
reduction of TiOg/ the recovery of B into the weld metal is 
loW/ the microstructure cannot be fined and the toughness of 
the weld metal is low. On the other hand, if the Mg content 
of the flux-cored wire is greater than 1 . 50% by mass, spattering 
intensifies, the covering ability of slag deteriorates, the 
shape of beads formed by vertical-position welding and 
overhead-position welding is deteriorated, the toughness of 
the weld metal is reduced because Ti02 is reduced excessively 
and the amount of the solid solution of Ti increases. Thus, 
the Mg content of the flux-cored wire is in the range of 0.20 
to 1.50% by mass. A Mg source is a metal Mg or a Mg alloy, 
such as Si-Mg or Ni-Mg. 

N content: 0.005 to 0.035% by mass 

Nitrogen combines with Ti to precipitate TiN having the 
effect of suppressing ferrite band in the weld metal. N has 
the effect of fixating the solid solution of Ti in a nitride 
to improve the toughness of the weld metal. Nitrogen is added 
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to either the steel sheath or the flux or to both the steel 
sheath and the flux for those effects. If the N content of 
the flux-cored wire is less than 0.005% by mass, the effect 
of suppressing ferrite band is unavailable due to the 
insufficient precipitate of the nitride as well as the solid 
solution of Ti cannot be reduced and the toughness of the weld 
metal is low. On the other hand, if the N content of the 
flux-cored wire is greater than 0.035% by mass, the toughness 
of the weld metal is reduced due to the increase of the solid 
solution of N, excessive N forms blow holes and slag 
removability deteriorates. Thus, the N content of the 
flux-cored wire must be in the range of 0 . 005 to 0 . 035% by mass . 
A metal nitride, such as N-Cr, N-Si or N-Ti, is used to add 
N to the flux-cored wire. 

B content: 0.001 to 0.020% by mass 

Boron has the effect of fining the microstructue of the 
weld metal and improving the toughness of the weld metal. 
Boron is added to either the steel sheath or the flux or to 
both the steel sheath and the flux for that effect. The 
toughness improving effect of B is insufficient if the B content 
of the flux-cored wire is less than 0.001% by mass. On the 
other hand, the weld metal is subject to hot cracking if the 
B content of the flux-cored wire is greater than 0.020% by mass. 
Thus, the B content of the flux-cored wire is in the range of 
0,001 to 0.020% by mass. An alloy, such as Fe-B or Fe-Si- 
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B, or a boron oxide/ such as B2O3/ is used to add B to the flux. 
When a boron oxide is added to the flux, the B content is 
adjusted on the basis of. the boron oxide content in terms of 
B content . 

TiOj content: 4.2 to 8.2% by mass 

Titanium oxide is a principal slag-forming material and 
serves as an arc stabilizer. Part of TiOg is reduced by Si, 
Mn, Mg and a fluorine compound to produce Ti, and the Ti combines 
with N to precipitate TiN in the weld metal. The TiN thus 
precipitated is very effective in suppressing ferrite band. 
Since TiOa is a principal slag-forming material and the 
reduction reaction of part of Ti02 occurs easily in a hot 
atmosphere, TiOj is contained in the flux to promote the 
reduction reaction of TiOz. If the TiOj content of the flux 
is less than 4.2% by mass, arcs become unstable, welding work 
becomes practically impossible and only a small amount of Ti 
is produced by reduction and, the effect of TiOs in 
suppressing ferrite band is insufficient because a small 
amount of Ti is produced by reduction and the amount of 
precipitated TiN decreases. On the other hand, if the TiOg 
content of the flux is greater than 8.2% by mass, slag has a 
very high viscosity causing welding defects including slag 
inclusion, slag inclusion increases the amount of oxygen 
contained in the weld metal to reduce the toughness of the weld 
metal. Thus, the Ti02 content of the flux must be in the range 
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of 4.2 to 8.2% by mass. 

Fluorine compound content in terms of F content: 0.025 
to 0.55% by mass 

A fluorine compound serves as an arc stabilizer. A 
fluoride compound has effects of lowering the melting point 
of slag, improving the fluidity and covering ability of slag, 
forming beads in a satisfactory shape. Fluorine gas produced 
by the decomposition and gasification of a fluorine compound 
by arcs has effect of stirring the molten metal to promote the 
separation of slag from the molten metal and reducing the amount 
of oxygen contained in the weld metal. A fluorine compound/ 
similarly to Si, Mn and Mg, has effects of making Ti produced 
by reducing TiOj combine with N to precipitate TiN in the weld 
meal to suppress ferrite band, and stabilizing the recovery 
of B into the weld metal. Since a fluorine compound serves 
as one of a slag-forming materials and the reduction reaction 
of part of TiOg occurs easily in a hot atmosphere, the fluorine 
compound is added to the flux to promote the reduction reaction 
of TiOg. If the fluorine compound content in terms of F content 
of the flux is less than 0.025% by mass, this effect is 
unavailable, arcs are unstable, spattering intensifies and the 
shape of beads is deteriorated. Moreover, if the fluorine 
compound content in terms of F content of the flux is less than 
0.025% by mass, blow holes are liable to be formed due to the 
insufficient effect of reducing the amount of oxygen contained 
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in the weld metal microstructure cannot be fined due to the 
reduction of the recovery of B into the weld metal to reduce 
the toughness of the weld metal Still further, if the fluorine 
compound content in terms of F content of the flux is less than 
0,025% by mass, since the amount of Ti produced through the 
reduction of TiOj is small due to the insufficient reduction 
of Ti02, the amount of precipitated TiN is small and sufficient 
effect of suppressing ferrite band is unavailable. On the 
other hand, if the fluorine compound content in terms of F 
content of the flux is greater than 0.55% by mass, the fluidity 
of slag is excessively high, the covering performance is 
spoiled and the shape of beads is deteriorated significantly. 
Thus, the fluorine content in terms of F content of the flux 
must be in the range of 0.025 to 0.55% by mass. Possible 
fluorine compounds are LiF, NaF, KgSiFg, CaFg, MgFg, BaFg, CeFg 
and a fluorine oil containing CF2. The flux-cored wire may be 
coated with the fluorine oil containing CF2 to use the fluorine 
oil as a lubricant. 

Al content: 0.50% mass or below 

Aluminum serves as a deoxidizer for deoxidizing the weld 
metal and has effects of preventing the formation of blow holes 
in beads and transferring droplets in spray. Aluminum is added 
to either the steel sheath or the flux or to both the steel 
sheath and the flux for the aforesaid effects. If the Al 
content of the flux-cored wire is greater than 0.50% by mass. 
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since the weld metal hardens and becomes brittle, the tensile 
strength of the weld metal is excessively high and the toughness 
of the weld metal is very low. Thus, the Al content of the 
flux-cored wire must be 0.50% by mass or below. Alumina 
contained in the flux-cored wire is decomposed by high- 
temperature arcs and Al is produced. Therefore, an AI2O3 
content is converted into an equivalent Al content. 
Preferably, the Al content of the flux-cored wire is 0.03% by 
mass or above. 

Nb content: 0.015% by mass or below 

Niobium contained in the weld metal makes carbides 
contained in the weld metal precipitate. The carbides thus 
precipitated have an effect of suppressing the migration of 
atoms during PWHT and suppressing ferrite band. However, Nb 
combines with C to form a minute, MX-type carbide when sub j ected 
to PWHT. The MX-type carbide reduces the toughness of the weld 
metal significantly if the Nb content of the flux-cored wire 
is greater than 0.015% by mass. Thus, the Nb content of the 
flux-cored wire must be 0.015% by mass or below. The niobium 
oxide content is converted into an equivalent Nb content. 

V content: 0.015% by mass or below 

Vanadium contained in the weld metal, similarly to Nb, 
makes carbides contained in the weld metal precipitate to 
suppress ferrite band by suppressing the migration of C atoms 
during PWHT. However, V combines with C to form a minute. 
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MX-type carbide when subjected to PWHT. The MX-type carbide 
reduces the toughness of the weld metal significantly if the 
V content of the flux-cored wire is greater than 0 . 015% by mass • 
ThuS/ the V content of the flux-cored wire must be 0.015% by 
mass or below. The vanadium oxide content is converted into 
an equivalent V content. 

Ti content: 0.005 to 0.3% by mass 

Titanium serves as a deoxidizer for deoxidizing the weld 
metal and has effects of improving the toughness of the weld 
metal. Titanium combines and produces TiN that is effective 
in suppressing ferrite band. Thus, it is preferable to add 
a proper amount of Ti to the flux-cored wire to improve the 
toughness of the weld metal and to suppress ferrite band- 
Titanium is added to either the steel sheath or the flux or 
to both the steel sheath and the flux for the aforesaid effects. 
An acid-soluble Ti-containing substance is added to the steel 
sheath. Metal Ti or a Ti-bearing alloy, such as Fe-Ti, is added 
to the flux. Differing to Ti produced through the reduction 
of TiOg, Ti contained in such a form in the flux-cored wire 
is not subject to the reducing effect of deoxidizers other than 
Ti, such as Si, Mn and Mg, and remains in the weld metal. Thus, 
the recovery of Ti into the weld metal is satisfactory and Ti 
can stably contained in the weld metal. Titanium contained 
in TiOj is acid-insoluble Ti. The toughness of the weld metal 
cannot be improved if the weld metal contains Ti in a form other 
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than TiOjf i.e., acid-soluble Ti, in a Ti content less than 
0.005% by mass of the flux-cored wire. If the weld metal 
contains Ti in an acid-soluble Ti, in a Ti content greater than 
0.3% by mass of the flux-cored wire of the flux-cored wire, 
the tensile strength of the weld metal is excessively high, 
the amount of the solid solution of Ti is large and the toughness 
of the weld metal is low. Thus, the Ti content of the 
flux-cored wire in terms of Ti other than TiOg is in the range 
of 0.005 to 0.3% by mass of the flux-cored wire. 
Zr content: 0.002 to 0.3% by mass 

Zirconium serves as a deoxidizer and has an effect of 
improving the toughness of the weld metal. Zirconium con- 
tained in the flux-cored wire improves the toughness of the 
weld metal additionally. Therefore, it is preferable that the 
flux-cored wire contains Zr in a proper Zr content to further 
improve the toughness of the weld metal. Zirconium is added 
to either the steel sheath or the flux or to both the steel 
sheath and the flux for such an effect. Zirconium is unable 
to further improve the toughness of the weld metal when the 
Zr content of the flux-cored wire is less than 0.002% by mass. 
The Zr content of the flux-cored wire exceeding 0.3% by mass 
does not exercise any particular effect. Thus, the Zr content 
of the flux-cored wire must be in the range of 0.002 to 0.3% 
by mass of the flux-cored wire . Metal Zr or a Zr bearing alloy, 
such as Fe-Zr or Fe-Si-Zr, is used for adding Zr to the flux. 
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The respective actions and effects of Ti and Zr contained 
in the flux-cored wire are independent of each other. 
Therefore^ it is preferable that the f lux-cored wire contains 
either Ti or Zr and it is more preferable that the flux-cored 
wire contains both Ti and Zr. 

Ratio of total Ti content to N content: 250 to 500 

Both the solid solution of Ti and the solid solution of 
N contained in the weld metal are reduced and the toughness 
of the weld metal is further improved by adjusting the 
quantities in percent by mass of the components of the 
flux-cored wire so that the ratio of the total Ti content of 
the flux-cored wire, i.e., the sum of a Ti content based on 
Ti contained in the form of Ti02 in the flux-cored wire, and 
a Ti content based on Ti contained in the steel sheath and/or 
the flux to the N content of the flux-cored wire, i.e., (Total 
Ti content) /(N content) is in the range of 250 to 500. 

A desired flux-cored wire of the present invention to 
be used for welding materials formed of heat-resisting low 
alloy steels by gas-shielded arc welding can be obtained when 
the flux-cored wire has the foregoing composition. Therefore, 
there are not any particular restrictions on the quantity in 
percent by mass and the composition of the slag-forming 
materials contained in the flux-cored wire . The slag-forming 
materials contain nonmetallic components and form slag that 
covers the molten metal to isolate the molten metal from the 
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ambient atmosphere around the weld joints during gas-shielded 
arc welding. More specifically, the slag-forming materials 
are TiOg, which is one of the components of the flux-cored wire 
for which contents are specified, the fluorine compound, AI2O3, 
boron oxide, niobium oxide and vanadium oxide, substances for 
the fine adjustment of the basicity of slag or the melting point, 
viscosity and fluidity of slag, such as ZrOg, SiOg, CaO and MgO, 
and substances for the fine adjustment the condition of arcs, 
such as K2O and NagO. 

There is not any particular restriction on the quality 
and composition of the steel sheath of the flux-cored wire of 
the present invention, provided that the quality and 
composition of all the components of the flux-cored wire 
including the steel sheath and the flux meet the specified 
conditions . 

The flux of the flux-cored wire of the present invention 
does not need to be filled in the steel sheath in a particularly 
specified flux ratio. The flux ratio may properly be 
determined, taking into consideration the productivity of the 
flux-cored wire, and process conditions, such as the 
possibility of breakage of the steel sheath during forming and 
drawing. Preferable flux ratio is in the range of, for example, 
11.0 to 18.0% by mass. 

The shielding gas may be any one of CO2 gas, an Ar-CO.2 
mixed gas of any suitable composition, an Ar-Os mixed gas of 
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any suitable composition and an Ar-COa-Og mixed gas of any 
suitable composition. Preferably^ the composition of the 
steel sheath may selectively be determined according to the 
composition of materials to be welded. Possible materials of 
the steel sheath include mild steels and alloy steels. There 
is not any particular restriction on the sectional shape of 
the steel sheath; the steel sheath may be either a seamed tube 
or a seamless tube. 

The flux-cored wire of the present invention may contain, 
when necessary, components other than those mentioned above, 
such as Cu, Ni, Co and/or W to meet abilities required of the 
material to be welded. When the steel sheath is a seamless 
tube, the surface of the steel sheath may be plated with Cu, 
Ni or a composite material. 

As mentioned above, it is one of the features of the 
present invention to promote the reduction of Ti02 by adding 
proper quantities of Si, Mn, Mg and fluorine compound to the 
weld metal. It is possible to reduce TiOg satisfactorily, 
provided that Si, content, Mn content, Mg content and fluorine 
compound content are in the aforesaid ranges, respectively. 

Examples 

The effects of flux-cored wires of the present invention 
in examples will be described in comparison with those of 
flux-cored wires in comparative examples. 

Flux- cored wires listed in Tables 3 to 11 were fabricated, 



using sheaths of mild steels (sheath types A and B) and those 
of Cr-Mo steels (sheath types C and D) respectively having 
chemical compositions shown in Tables 1 and 2. The respective 
outside diameters of all the flux-cored wires were 1.2 mm. 
Test plates 1, i.e., workpieces, of heat-resisting low alloy 
steels having a thickness of 19 mm, and spaced by a groove shown 
in Fig. 1 were subjected to butt gas-shielded arc welding under 
welding conditions shown in Tables 12 and 13. The heat- 
resisting low alloy steels were a 0.5% Mo steel (A204, Gr. A, 
JIS), a 1.25% Cr-0.5% Mo steel (A387 Gr. 11, CI. 2, JIS) , a 
2.25% Cr-1.0% Mo steel (A387, G4 . 22, Cl. 2, JIS) . Table 12 
shows the welding conditions for forming weld metals to be 
STibjected to performance tests, and Table 13 shows the welding 
conditions for usability tests. The groove formed between the 

plates 1 was a V-groove having a groove angle of 45*^ and a root 
gap of 13 mm. 

Test welding were performed for the following test items 
and performance evaluation items. 

(1) Evaluation of the Performance of Weld Metals 
Weld metals were made by flat-position welding using 
flux-cored wires in Comparative examples 1 to 29 shown in Tables 
3 to 6 and flux-cored wires in Examples 1 to 35 shown in Tables 
7 to 11 under welding conditions for flat-position welding 
shown in Table 12. The weld metals were examined by ra- 
diographic examination. It was decided that the weld metals 



having qualities meeting those specified in Z3104 1, JIS were 

good and the rest were bad. 

The weld metals were subjected to tensile tests and 

Charpy impact tests after PWHT. Only the weld metal made by 

welding the plates 1 of the 0 . 5% Mo steel by using the flux-cored 

wire in Example 7 was kept at 620°C for 1 hr and cooled by furnace 
cooling for PWHT, while the weld metals formed by using the 

rest of the flux-cored wires were kept at 690*^C for 1 hr and 
cooled by furnace cooling. Tensile test measured 0.2%-offset 
yield strength and elongation. Acceptance conditions for 
tensile performances represented by measured values measured 
by mechanical measurement were specified for the qualities of 
the plates 1, i.e., qualities of test plates shown in Tables 
15 to 23, respectively. Table 14 shows tensile performance 
acceptance conditions for Examples and Comparative examples . 
Three No. 4 Charpy test specimens provided with a 2 mm V notch 

of each weld metal were subjected to Charpy impact test at -IS'^C 
and amounts of energy absorbed by the test specimens were 
measured, and the impact performance of the weld metal was 
represented by the average of the three measured values. The 
range of acceptable impact performance was 55 J or above, which 

was expressed by: 2ininvE_i8''c (Avg.) ^ 55 J. 

Test specimens were treated for a long time by a PWHT 
using a high temperature and then examined for ferrite band 
in the weld metals. Test specimens formed by welding plates 
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of a 0.5% Mo steel and a 1.25% Cr-0.5% Mo steel were kept at 

690^C for 9.5 hr and cooled b furnace cooling. Test specimens 
formed by welding plates of 2.25% Cr-1.0% Mo steel were kept 

at 690°C for 15.3 hr and cooled by furnace cooling. The 
qualities of the test plates 1 (types of steels of the test 
plates) and the compositions of the shielding gases are shown 
in Tables 15 to 23 showing test results. Sections for 
microstructure observation were sampled from six parts of the 
weld metal at equal intervals along the weld line of the weld 
metal after PWHT and the sections were polished by mirrorlike 
finishing and finished by etching to obtain six test specimens 
for the observation of microstructure. The test specimens 
were observed by an optical microscope to see if any ferrite 
bands are formed. It was decided that the ferrite band 
suppressing abilities of the flux-cored wires were acceptable 
when any ferrite bands were not found in any one of the six 
test specimens of each weld metal and that the same were 
unacceptable when ferrite bands are found in any one of the 
six test specimens of each weld metal. The weld metals were 
analyzed to determine the chemical compositions thereof. 
(2) Evaluation of Wire Usability 

Weld metals were produced by flat-position welding as 
mentioned in (1) and by fillet welding in a vertical position 
under conditions shown in Table 13 using the flux-cored wires 
in Examples 1 to 33 shown in Tables 6 to 11 and the flux-cored 
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wires in Comparative examples 1 to 2 9 shown in Tables 3 to 6. 
The usability of the flux-cored wires was evaluated by sensory 
tests in terms of arc stability during welding, slag 
removability, spattering intensity and bead shape. 

Results of all those tests and the results of evaluation 
are shown in Tables 15 So 23. • 

. • . Tables 1 to 23 ... 

Results of the test using the flux-cored wires in 
examples and comparative examples will be explained. 

The flux-cored wire in Comparative example 1 has a C 
content exceeding 0.20% by mass, which is the upper limit C 
content specified by the present invention- Hot cracking 
occurred in the weld metal formed by using the flux-cored wire 
in Comparative example 1, and the weld metal had an excessively 
high tensile strength and could not meet required impact 
performance . 

The flux-cored wire in Comparative example 2 has a Si 
content smaller than 0.06% by mass, which is the lower limit 
Si content specified by the present invention. The weld metal 
had insufficient viscosity, unacceptable convex beads were 
formed by vertical-position welding. Blow holes were formed 
in the weld metal due to insufficient deoxidation. The weld 
metal had a low toughness due to low B recovery and could not 
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meet the required impact performance. Sufficient TiN that 
suppresses ferrite band could not be precipitated due to the 
insufficient reduction of TiOg and ferrite bands were formed 
in the weld metal • 

The flux^cored wire in Comparative example 3 has a Si 
content greater than 1.10% by mass, which is the upper limit 
Si content specified by the present invention. The weld metal 
had an excessively high tensile strength, and the weld metal 
could not meet the required impact performance due to the 
reduction of toughness because of the solid solution of Ti 
increased due to the excessive reduction of TiOj. 

The flux-cored wire in Comparative example 4 has a Mn 
content smaller than 0.55% by mass, which is the lower limit 
Mn content specified by the present invention. Although the 
usability of the flux-cored wire was satisfactory, blow holes 
were formed in the weld metal due to insufficient deoxidation, 
and the tensile strength and the 0.2%-offset yield strength 
and the toughness of the weld metal were low due to insufficient 
hardening and the small B recovery. The weld metal could not 
meet required abilities corresponding to those properties. 
Sufficient TiN that suppresses ferrite band could not be 
precipitated due to the insufficient reduction of TiOs and 
ferrite bands were formed in the weld metal. 

The flux-cored wire in Comparative example 5 has a Mn 
content exceeding 1.60% by mass, which is the upper limit Mn 
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content specified by the present invention. The fluidity of 
the weld metal was excessively high and unacceptable convex 
beads were formed by vertical-position welding. The weld 
metal had an excessively high tensile strength. The solid 
solution of Ti increased due to the excessive reduction of TlOz • 
Consequently, the weld metal had a low toughness and could not 
meet required impact performance. 

The flux-cored wire in Comparative example 6 has a Cr 
content exceeding 2.60% by mass, which is the upper limit Cr 
content specified by the present invention. The weld metal 
had an excessively high tensile strength, a low toughness and 
could not meet required impact performance. 

The flux-cored wire in Comparative example 7 has a Mo 
content smaller than 0.30% by mass, which is a lower limit Mo 
content specified by the present invention. The weld metal 
had a low tensile strength and a low 0 . 2%-of f set yield strength, 
that is, low strength properties. 

The flux-cored wire in Comparative example 8 has a Mo 
content greater than 1.50% by mass, which is the upper limit 
Mo content specified by the present invention. The weld metal 
had a low toughness and could not meet the required impact 
performance . 

The flux-cored wires in Comparative examples 9 and 10 
have Al contents greater than 0.50% by mass, which is the upper 
limit Al content specified by the present invention. The weld 
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metals hardened and embrittled, had excessively high tensile 
strengths and low toughnesses, respectively, and could not 
meet the required impact performance. 

The flux-cored wires in Comparative examples 11 and 12 
have Nb contents greater than 0.015% by mass, which is the upper 
limit Nb content, specif ied by the present invention. The weld 
metals had low toughnesses, and could not meet the required 
impact performance. 

The flux-cored wires in Comparative examples 13 and 14 
have V contents greater than 0.015% by mass, which is the upper 
limit V content specified by the present invention. The weld 
metals had low toughnesses, and could not meet the required 
impact performance . 

The flux-cored wire in Comparative example 15 has a B 
content smaller than 0.001% by mass, which is the lower limit 
B content specified by the present invention. The weld metal 
could not be formed in fined microstructure, had a low toughness 
and could not meet the required impact performance. 

The flux-cored wires in Comparative examples 16 and 17 
have B contents greater than 0.020% by mass, which is the upper 
limit B content specified by the present invention. Hot 
cracking occurred in the weld metal. 

The flux-cored wire in Comparative example 18 had a N 
content smaller than 0.005% by mass, which is the lower limit 
N content specified by the present invention. Ti could not 
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be fixated in a TiN precipitate, and the weld metal had a low 
toughness and could not meet the required impact performance. 
Sufficient TiN that suppresses ferrite band was not 
precipitated and ferrite bands were formed in the weld metal. 

The flux-cored wire in Comparative example 19 has a N 
content greater than 0,035% by mass, which is the upper limit 
N content specified by the present invention. Blow holes were 
formed in the weld metal, the toughness of the weld metal was 
reduced due to the increase of the solid solution of N, and 
the weld metal could not meet the required impact performance. 

The flux-cored wire in Comparative example 20 has a Mg 
content smaller than 0.20% by mass, which is the lower limit 
Mg content specified by the present invention. Blow holes were 
formed in the weld metal due to insufficient deoxidation. The 
B recovery was low, and the weld metal had a low toughness and 
could not meet the required impact performance. Sufficient 
TiN that suppresses ferrite band could not be precipitated due 
to the insufficient reduction of Ti02 and ferrite bands were 
formed in the weld metal . 

The flux-cored wire in Comparative example 21 has a Mg 
content greater than 1.50% by mass, which is the upper limit 
Mg content specified by the present invention. Intense 
spattering occurred during welding. The weld metal has a low 
toughness due to increase of the solid solution of Ti resulting 
from the excessive reduction of TiOz, and the weld metal could 
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not meet the required impact performance. 

The flux-cored wire in Comparative example 22 has a TiOg 
content smaller than 4.2% by mass, which is the lower limit 
TiOg content specified by the present invention. Arcs were 
unstable and the usability of the flux-cored wire was 
practically unacceptable. Since the TiOj content is small and 
the reduction of TiOg was insufficient, insufficient Ti was 
produced. Sufficient TiN that suppresses ferrite band was not 
precipitated and ferrite bands were formed in the weld metal. 

The flux-cored wire in Comparative example 23 has a TiOg 
content greater than 8.2% by mass, which is the upper limit 
Ti02 content specified by the present invention. Slag covered 
the molten pool during welding and slag inclusion occurred. 
The weld metal had a low toughness due to a large oxygen content, 
and could not meet the required impact performance. 

The flux-cored wire in Comparative example 24 has a 
fluorine compound content in terms of F content smaller than 
0.025% by mass, which is the lower limit fluorine compound 
content in terms of F content specified by the present invention. 
Arcs were instable during welding and the usability of the 
flux-cored wire was practically unacceptable . Blow holes were 
formed in the weld metal due to insufficient deoxidation. The 
weld metal had a low toughness due to low B recovery and could 
not meet the required impact performance. Sufficient TiN that 
suppresses ferrite band was not precipitated due to 
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insufficient reduction of TiOj and ferrite bands were formed 
in the weld metal. 

The flux-cored wire in Comparative example 25 has a 
fluorine compound content in terms of F content greater than 
0.55% by masS/ which is the upper limit fluorine compound 
content in terms of F content specif ied by the present invention. 
The fluidity of slag was excessively high, the bead covering 
performance of slag was unsatisfactory, and unacceptable 
convex beads were formed by vertical-position welding. 

The flux-cored wire in Comparative example 2 6 has a Si 
content and Mn content smaller than 0.0 6% by mass and 0.55% 
by mass/ respectively, which are the lower limit Si content 
and the lower limit Mn content specified by the present 
invention. The weld metal had insufficient viscosity and 
unacceptable convex beads were formed by vertical-position 
welding. The weld metal was insufficiently deoxidized and 
blow holes were formed in the weld metal. The weld metal had 
a low toughness due to insufficient B recovery and could not 
meet the required impact performance. Sufficient TiN that 
suppresses ferrite band could not be precipitated due to the 
insufficient reduction of TiOg and ferrite bands were formed 
in the weld metal. 

The flux-cored wire in Comparative example 27 has a TiOg 
content smaller than 4.2% by mass, which is the lower limit 
Ti02 content specified by the present invention, and a fluorine 



-34- 



compound content in terms of F content greater than 0.55% by 
mass, which is the upper limit fluorine compound content in 
terms of F content specified by the present invention. Arcs 
were unstable during welding, the bead covering performance 
of slag was unsatisfactory, and unacceptable convex beads were 
formed by vertical-position welding. Sufficient TiN that 
suppresses ferrite band could not be precipitated due to the 
insufficient reduction of the small TiOg content and ferrite 
bands were formed in the weld metal. 

The flux-cored wire in Comparative example 28 has an Al 
content and N content greater than 0.50% by mass and 0.035% 
by mass, respectively, which are the upper limit Al content 
and the upper limit N content specified by the present invention , 
The removability of slag was unsatisfactory and blow holes were 
formed in the weld metal . The weld metal hardened due to the 
excessive Al content and, consequently, the tensile strength 
was excessively high. The amount of solid solution of N was 
large due to the excessive N content and, consequently, the 
weld metal had a low toughness and could not meet the required 
impact performance. 

The flux-cored wire in Comparative example 29 has a B 
content and N content greater than 0.020% by mass and 0.035% 
by mass, respectively, which are the upper limit B content and 
the upper limit N content specified by the present invention. 
The removability of slag was unsatisfactory and blow holes were 
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formed in the weld metal. The amount of solid solution of N 
was large due to the excessive N content, the weld metal had 
a low toughness and could not meet the required impact 
performance . 

The flux-cored wires in Examples 1 to 35 have C, Si, Mn, 
Cr, Mo, Mg, N and B contents in the ranges specified by the 
present invention, the fluxes of those flux-cored wires 
contain TiOg and the fluorine compound, the TiOg contents and 
the fluoride compound contents in terms of F content of those 
flux-cored wires are in the ranges specified by the present 
invention, and the Al contents, the Nb contents and the V 
contents of those flux cored wires are not greater than the 
upper limits of Al content, Nb content and V content. All the 
weld metals produced by welding using the flux-cored wires in 
Examples 1 to 35 were satisfactory in radiant-ray transmitting 
performance, were excellent in tensile strength and toughness 
after PWHT, any ferrite bands were not formed at all in those 
weld metals even after the weld metals had been processed at 
high temperatures for a long time for PWHT. All the weld metals 
formed by welding using the flux-cored wires in Examples were 
acceptable. The flux-cored wires in Examples 1 to 10, Examples 
12 to 25 and Examples 29 to 35 contain Ti and/or Zr, the Ti 
contents and/or the Zr contents of those flux-cored wires are 
in the content ranges specif ied by the present invention. Thus, 
the weld metals produced by welding using those flux-cored 
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wires of the present invention were excellent in toughness, 
compared with the other Examples. All the flux-cored wires 
in Examples 1 to 35 excluding the flux-cored wire in Example 
5 have Mn contents not greater than 1.45% by mass, which is 
the upper limit Mn content specified by the present invention, 
and those flux-cored wires formed beads of very satisfactory 
shapes by vertical -position welding. 

In the flux-cored wires in Examples 1 to 6 and Examples 
6, 8, 9, 19, 20, 34 and 35, the ratio of total Ti content to 
N content are in the range of 250 to 500, and the weld metals 
produced by welding using those flux-cored wires were superior 
in toughness to the weld metals produced by welding using the 
flux-cored wires in other examples as shown in Fig* 2, which 
is a graph showing the dependence of the Charpy impact energies 

2^vE-i8oc (Avg.) of weld metals on the ratio of total Ti content 
to N content. 

As apparent form the foregoing description, according 
to the present invention, the formation of ferrite bands in 
the weld metals is suppressed even if the weld metals are 
processed at high temperatures for a long time for PWHT, the 
reduction of tensile strength is prevented, and the weld metals 
are excellent in toughness. The flux-cored wires of the 
present invention for the gas-shielded arc welding of work- 
pieces of heat-resisting low alloy steels are satisfactory in 
usability not only in flat welding but also in vertical welding 
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and overhead welding. 

Although the invention has been described in its 
preferred embodiments with a certain degree of particularity, 
obviously many changes and variations are possible therein. 
It is therefore to be understood that the present invention 
may be practiced otherwise than as specifically described 
herein without departing from the scope and spirit thereof. 
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